The significant worldwide increase in observed river runoff has been tentatively attributed to the stomatal ''antitranspirant'' response of plants to rising atmospheric CO 2 [Gedney N, Cox PM, Betts RA, Boucher O, Huntingford C, Stott PA (2006) Nature 439: 835-838]. However, CO 2 also is a plant fertilizer. When allowing for the increase in foliage area that results from increasing atmospheric CO 2 levels in a global vegetation model, we find a decrease in global runoff from 1901 to 1999. This finding highlights the importance of vegetation structure feedback on the water balance of the land surface. Therefore, the elevated atmospheric CO 2 concentration does not explain the estimated increase in global runoff over the last century. In contrast, we find that changes in mean climate, as well as its variability, do contribute to the global runoff increase. Using historic land-use data, we show that landuse change plays an additional important role in controlling regional runoff values, particularly in the tropics. Land-use change has been strongest in tropical regions, and its contribution is substantially larger than that of climate change. On average, land-use change has increased global runoff by 0.08 mm/year 2 and accounts for Ϸ50% of the reconstructed global runoff trend over the last century. Therefore, we emphasize the importance of land-cover change in forecasting future freshwater availability and climate.
atmospheric CO2 ͉ water cycle ͉ climate change ͉ land cover change C limate change and human intervention are expected to strongly alter the global hydrological cycle in the coming decades (1) (2) (3) (4) (5) . Previous reconstruction of global runoff data suggests that global river runoff increased significantly during the 20th century (2) . However, it is difficult to estimate whether this trend in runoff is caused by natural or anthropogenic factors, because the characteristics and dynamic properties of the hydrological cycle depend on many interrelated links among climate, atmosphere, soil, and vegetation dynamics. Long-term changes in runoff depend on the balance of precipitation and evapotranspiration. The latter term is not only driven by climatic factors, such as temperature, wind speed, surface humidity, and solar radiation, but also is modulated by physiological (e.g., stomatal) and structural [e.g., leaf area index (LAI)] components of vegetation. It is well known that stomata respond to elevated atmospheric CO 2 concentrations by partial closure (6) . Accordingly, a recent modeling analysis suggested that the rising atmospheric CO 2 concentration is the main driver of the observed increase in continental runoff (1) . Nevertheless, the results of the Gedney et al. (1) study should be viewed with caution because only the direct effect of atmospheric CO 2 concentrations on stomatal conductance was considered. Structural changes in vegetation in response to increased productivity under higher atmospheric CO 2 levels, particularly changes in LAI (7), were not taken into account in their study.
Land use is another key factor controlling the water balance of ecosystems and the associated river runoff. Land use changes already impacted the terrestrial water cycle and will continue to do so in the next century (8) (9) (10) (11) . However, globally comprehensive analyses of the impacts of land-use change on runoff are scarce, especially compared with studies relating the effects of land-use change on the global carbon cycle. Here we investigate how historical changes in cropland establishment and abandonment, combined with atmospheric CO 2 and climate change, have modified the regional and global runoff patterns. We used a process-based terrestrial biosphere model, organizing carbon and hydrology in dynamics ecosystems (ORCHIDEE) (12) , to separately quantify the hydrological contribution of the driving factors. (2, 13) . The modeled decadal variability of global runoff in simulation E3 is consistent with the reconstructed global runoff data, which account for 221 discharge time series available at the mouth of the main rivers of the world (2) (R ϭ 0.68, P Ͻ 0.001) (Fig. 1A) . On average, the modeled global mean runoff due to the combined effects of climate, land use, and atmospheric CO 2 (simulation E3) reveals a significant positive trend of 0.17 mm/year 2 (R ϭ 0.31, P ϭ 0.002), which is close to the observation-based trend of 0.18 mm/year 2 (2). Long-term runoff changes result from the balance of precipitation and evapotranspiration. Climate observations indicate that annual precipitation significantly increased by Ϸ0.2 mm/ year 2 (P Ͻ 0.001) in the last century. Simulated evapotranpiration associated with climate change (simulations E2-E1) shows an upward trend of Ϸ0.07 mm/year 2 (P Ͻ 0.001). As a result, the runoff change, driven by climate trends and variability alone, is Ϸ0.13 mm/year 2 (simulations E2-E1) and, hence, is not sufficient to account for the entire modeled trend in global runoff (simulation E3) (Fig. 1B and Table 1 ).
Results

ORCHIDEE
The atmospheric CO 2 concentration interacts with the hydrological cycle in two main ways: reducing transpiration per unit of leaf area and increasing productivity per unit of leaf area, eventually leading to changes in plant structure and an increased foliage area (7, 14) . A significant increase in global runoff during the last century (0.04 mm/year 2 ; P Ͻ 0.001) was predicted when only the response of canopy conductance to rising atmospheric CO 2 was considered and when the effect of plant structure changes was ignored (simulation E4) (Fig. 1B) . From 1960 to 1999, the antitranspirant effect was estimated to be Ϸ0.16 mm/year 2 (simulation E4), which is close to the study of Gedney et al. (1) , who estimated a trend of Ϸ0.2 mm/year 2 in response to the reduced leaf-level stomatal conductance because of rising atmospheric CO 2 since 1960. Allowing for the changes in LAI that result from elevated CO 2 concentration (simulation E1), we predicted a slight but significant decline in global runoff of 0.04 mm/year 2 (P Ͻ 0.001) associated with the rise in atmospheric CO 2 of 70 ppm per volume (ppmv) from 1901 to 1999 (Fig. 1B) . This result indicates that the net effect of increased vegetation LAI in response to CO 2 (ϩ10%) provides a greater cumulative surface area for canopy water transpiration and interception and enhances evapotranspiration by Ϸ0.08 mm/year 2 (simulations E1-E4). In other words, the net effect of rising atmospheric CO 2 on modeled transpiration is positive and in overall agreement with independent results from coupled modeling studies of climate-vegetation interactions (15, 16) . Our results do not support the view of Gedney et al. (1) , which is that elevated CO 2 was the primary contributor to the increase in global runoff during the last century. Global mean evapotranspiration per leaf area (the ratio of evapotranspiration to LAI) generated from simulation E1 clearly decreased by Ϸ9% during the last century (P Ͻ 0.001).
Land-use changes caused a marked increase in global runoff by Ϸ0.08 mm/year 2 from 1901 to 1999 (simulations E3-E2) (Fig.  1B) . This land-use-related trend was mainly the result of defor- (2) and that modeled in simulation E3, including climate, atmospheric CO 2, and land-use change. (B) Interannual variation and trend in modeled global runoff resulting from the effects of increased atmospheric CO 2 (simulation E1), climate change (simulations E2-E1), land-use change (simulations E3-E2), and a decrease in stomatal conductance associated with rising atmospheric CO 2 (simulation E4), respectively. The ORCHIDEE-simulated global runoff in simulation E3 shows a significant increasing trend with a rate of 0.17 mm/year 2 during the last century, which is close to the estimation of 0.18 mm/year 2 by Labat et al. (2) . The global runoff trend derived from simulation E4 is estimated to be Ϸ0.16 mm/year 2 for the period from 1960 to 1999, which is close to the study of Gedney et al. (1) , who estimated a trend of Ϸ0.2 mm/year 2 in response to the reduced leaf-level stomatal conductance because of rising atmospheric CO2 since 1960. estation. On the basis of Ͼ600 field observations, Jackson et al. (10) reported that tree plantations decreased stream flow by 227 mm/year globally. By applying this ratio to an annual forest clearing rate for croplands of 0.058 ϫ 10 6 km 2 /year, one can predict a rough-and-ready estimated increase of 0.095 mm/year 2 in global runoff because of deforestation, which is close to our estimation (simulations E3-E2). According to our simulations, land-use change accounted for Ϸ50-55% of the global increase because of all combined environmental changes (simulation E3).
The general agreement between the model results from simulation E3 and observation-based estimates by Labat et al. (2) is seen at the global and continental scales (Fig. 2) . This result suggests a potential applicability of the model for exploring spatial patterns of runoff change. However, the modeled interannual runoff variability (simulation E3) in Africa was not consistent with that reconstructed by Labat et al. (2) since 1983 probably because of the limited number of observing stations (seven) during this period (2) . Fig. 3 shows the spatial distribution of trends in runoff, rainfall, and the surface fractional area of croplands during the 20th century. Despite an overall significant increase, the runoff distribution in simulation E3 shows regionally heterogeneous trends (Fig. 3A) , reflecting the spatial patterns of changes in land use and climatic conditions (Fig. 3 C  and D) , chiefly precipitation (Fig. 3E) . The largest increase in runoff (Ͼ1.0 mm/year 2 ) was located in the La Plata basin of South America, the eastern part of the Amazon basin, the southeastern quadrant of Africa, eastern Canada, northern Asia, and Indonesia and Malaysia (Fig. 3A) , where pronounced increases in annual precipitation were observed (Fig. 3E) . In contrast, as a result of a substantial rainfall deficit (Fig. 3E) , the western Amazonian region, subSaharan Africa, southern China, and southern Europe all exhibited a strong downward trend in runoff (Fig. 3A) . Similar spatial patterns of runoff changes also were observed from the runoff observation data compiled by Milly et al. (3) , except in northern Europe, where significant decreases in runoff were observed. This finding may drive the overestimation of the increase in runoff for Europe (Fig. 2) . In accordance with our simulation results (E3), the 20C3M simulations also produced dramatic increases in runoff in northern Europe (3), implying that the observed decrease in runoff for this region may not be related to current climate and land-use changes.
The expansion of croplands (Ͼ0.1%/year 1 ) across southern Asia, eastern Europe, and eastern South America produced a remarkable increase in runoff (Ͼ0.2 mm/year 2 ) over the last century (Fig. 3D) . In Indonesia and Malaysia, Central America, and northern South America, the contribution of forest clearing to runoff change was larger than the effect of climate change and climatic variations [supporting information (SI) Table 2 ]. A previous study also found that, although precipitation in the Tocantins Basin of the Amazonian region did not significantly change over the past 40 years, runoff increased by 24%, coincident with the local expansion of agriculture (17) . Only a few regions of the globe, principally in eastern North America, displayed a decrease in crop area over the second half of the 20th century (Fig. 3F) . Consequently, negative trends in runoff are predicted over this region (Fig. 3A) .
Discussion
A decline in runoff in response to rising atmospheric CO 2 (simulation E1) (Fig. 3B) implies a concurrent increase in plant transpiration (PT). Without considering any effects on leaf energy balance, the ecosystem transpiration change between today's CO 2 levels and preindustrial CO 2 levels can be expressed as a function of changes in LAI and in stomatal conductance:
, where PT(CO 2 ) is the value of PT under current CO 2 levels, PT 0 is the preindustrial value of the transpiration, and ⌬LAI(CO 2 ) and ⌬S(CO 2 ) are the relative changes in LAI and stomatal conductance, respectively, caused by rising CO 2 . This simplified equation assumes a linear relationship between transpiration per leaf area and stomatal conductance. If the term [1 ϩ ⌬LAI(CO 2 )] ϫ [1 Ϫ ⌬S(CO 2 )] is Ͼ1, an increase in transpiration is predicted. On average, an increase in vegetation productivity of 0.13-0.2% per ppm increase in CO 2 (14, 18) and a decreasing stomatal conductance of 0.07% per ppm increase in CO 2 (6) suggest potential increases in transpiration of Ϸ0.06-0.1% per ppm with rising CO 2 , which is comparable with the value of 0.04% per ppm derived in simulation E1. Notwithstanding, projections of future behavior must be carried out with caution because the response of vegetation growth to elevated CO 2 is a nonlinear process (19) . Controlled experiments with plants growing in CO 2 -rich environments have indeed indicated that LAI increased sharply from low (200 ppm) to ambient (360 ppm) levels of CO 2 but tended to saturate at higher CO 2 levels (7). As a consequence, it is possible that the continuous increase in atmospheric CO 2 will probably lead to a decline in transpiration in the future, as suggested by field experiments (20) .
If there is a decrease in runoff and an increase in PT in response to rising CO 2 , such as that suggested by our model simulation E1, then these results have important implications for both soil-water storage and plant growth. During the last century, global soil moisture estimated by simulation E1 declined by Ϸ1% because of elevated CO 2 . Such a decrease in soil moisture can exert negative feedbacks on vegetation growth, especially in water-stressed ecosystems. To illustrate the interactions between CO 2 -related hydrological changes and vegetation growth, we analyzed the seasonal trends in LAI [monthly values of ⌬LA-I(CO 2 )] and soil-moisture contents for temperate grassland ecosystems (25-50°N) during the last century from simulation E1. The increase in LAI was less pronounced at the end of the growing season than during the early growing season, which is in agreement with the results from FACE experiments (21). Pinter et al. (21) found that elevated CO 2 only led to an increase in LAI in the early and middle parts of the growing season. Such a decrease in the response of plant growth to CO 2 was probably associated with fall soil moisture deficits because of prior enhanced vegetation growth. The largest decrease in modeled soil moisture occurred at the end of growing season.
Uncertainties still exist regarding the global runoff trend over the last century, despite the good agreement between the results of simulation E3 (considering the joint effects of atmospheric CO 2 , climate, and land-use change) and the observation-based reconstruction of global runoff change (2) . For example, agricultural irrigation plays an important role in the global water cycle, particularly in North America and Eurasia (22, 23 ), but we have too little knowledge about its potential contribution to the runoff trend on a global scale. Because of the lack of information about historical changes in the agriculture irrigation area and water use for irrigation, we did not consider the effects of changes in irrigation on the global runoff trend. A previous study suggested that irrigation diverts water from runoff to evapotranspiration by the order of 4-5% of annual global runoff (24) . Therefore, our simulated historical global runoff trend may be overestimated. However, it also is possible that the negative effect of irrigation on runoff is partly compensated for by an increase in precipitation resulting from irrigation-driven enhancements of evapotranspiration (5, 25) . Because the comparison with Labat et al. (2) is performed at the continental scale, the impact of irrigation on the runoff trend should be relatively small. Further studies based on spatially and temporally explicit historic irrigation data sets are needed to quantify the role that irrigation change plays in the regional and global hydrological cycles.
Conclusions
Process-based simulations of global runoff using a terrestrial biosphere model suggest that the observed significant increase in global runoff in the 20th century was mainly a consequence of climate change and widespread deforestation. We estimate that the secular rise in atmospheric CO 2 caused a small but significant decrease in global runoff because of the antagonistic responses of leaf-level processes and vegetation dynamics. On the basis of our findings, it seems overoptimistic to assume that rising CO 2 could cause water savings in soil and thereby further promote vegetation productivity at a scale large enough to affect continental runoff. The results presented here not only provide insights for large-scale field experiments but also highlight the importance of biosphere feedbacks on the water balance of land surfaces (15, 16) . The roles of vegetation growth feedbacks and land-use change cannot be ignored when projecting future changes in hydrologic processes and climate.
Methods
The ORCHIDEE model is a process-based biogeographybiogeochemistry model developed to assess the transient impacts of climate change on the transfer of water and carbon in the vegetation-soil-atmosphere system (12) . The model includes parameterizations of canopy physiological processes (photosynthesis and canopy conductance) that are intimately linked to biospheric energy and hydrological balances and operated at a time scale of 30 min. Soil hydrology are modeled as described by Ducoudre et al. (26) following a semiempirical approach. There are two soil layers, and the total depth of soil considered at all land points is the root zone. The water content of each layer is updated by accounting for inputs from rainfall, which is reduced by interception losses and snowmelt, as well as by losses to soil evaporation, transpiration, deep drainage, and surface runoff. The amount of water intercepted by the foliage is controlled by the incident rainfall and LAI, and it gives rise to interception losses that depended on the prevailing meteorological conditions. Soil evaporation is calculated from the relative humidity of the air at the land surface and aerodynamic and soil resistances, where the soil resistance was a function of soil moisture. Vegetation transpiration depends on the modeled photosynthetic activity and atmospheric vapor-pressure deficit, as described by Ball et al. (27) , and is mediated by soil-water availability. Surface runoff and drainage are calculated as the excess water above field capacity in both soil layers.
Vegetation productivity is calculated based on a coupled photosynthesis-water balance scheme. Plant growth based on the net plant carbon gain is allocated to six tissue pools (leaf, root, and wood, as well as reserve and reproductive organs), with a response of the relative investment into above-and belowground structures, depending on soil temperature and moisture. Therefore, the ecosystem water balance affected plant carbon gain and structure. Leaf phenology and decomposition of litter and soil organic matter depend on temperature and water stress. Therefore, modeled water evapotranspiration is an integrator of meteorological, hydrological, and ecological processes. More detailed descriptions of the various components of ORCHIDEE can be found in Krinner et al. (12) and Ducoudre et al. (26) .
The ORCHIDEE model has been widely used to assess the transient impacts of climate change on the global or regional water and carbon cycles (28) (29) (30) (31) (32) . The seasonal cycles of energy and water exchanges and carbon fluxes from the ORCHIDEE model have been extensively calibrated and validated against eddy covariance data from a number of field sites (12, 33) . The global distribution of LAI and runoff (12) and satellite-derived interannual variability in LAI over the recent period are also realistically represented (31, 32) .
The monthly climate data sets (temperature, precipitation, wet-day frequency, diurnal temperature range, cloud cover, relative air humidity, and wind speed), with a spatial resolution of 0.5°for 1901-1999, were provided by the Climatic Research Unit (School of Environmental Sciences, University of East Anglia, U.K.) (34) . The historical changes in atmospheric CO 2 concentration were taken from Rayner et al. (35) . Cropland area is prescribed each year from Ramankutty and Foley (36) . We combined this data set with that of Goldewijk (37) to account for the extent of pasture. The distribution of natural vegetation at each grid cell is derived from Loveland et al. (38) . The extent of natural vegetation varied with time as a function of the prescribed extent of cropland and pasture.
Using average climate data from 1901 to 1910, the atmospheric CO 2 concentration, and land cover of 1860, we first ran the model at a 2°resolution until the vegetation and soil carbon pools reached equilibrium. On the basis of this equilibrium status, four simulations from January 1860 to December 1999 were carried out to investigate the relative contribution of atmospheric CO 2 , climate change, and land-use change on the global runoff trends and patterns. Because of the lack of climate data before 1901, the average monthly climatology from 1901 to 1910 was used for the 1860-1900 run and for monthly climate data for individual years thereafter.
In simulation E1, atmospheric CO 2 concentration alone was varied. In simulation E2, atmospheric CO 2 and climate were varied. In simulation E3, atmospheric CO 2 concentration, climate, and land use were varied. Finally, we performed an additional simulation (E4), comparable to the one carried out by Gedney et al. (1) , which only considered the response of stomatal conductance to rising atmospheric CO 2 and did not consider the subsequent effects on vegetation structure, notably the foliage cover. The changes in vegetation growth accompanied by environmental change were taken into account in simulations E1, E2, and E3 to comprehensively evaluate the hydrological contribution of different factors. The individual effects of climate variations were derived as the difference between simulations E2 and E1, and the effects of land use change were estimated by subtracting E2 from E3. The difference of runoff trend between simulations E1 and E4 reflected the effects of LAI changes in response to increased CO 2 .
